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The  effect  of  crystal  structure  of  yttria-  (YSZ)  and  scandia-stabilized  zirconia  (ScSZ)  in  nickel-based  SOFC 
anodes  was  investigated  in  relation  with  carbon  deposition  and  oxidation  behavior  in  methane  fuel. 
The  lattice  parameter  of  the  zirconia  decreased  by  the  dissolution  of  l-2mol%Ni  to  YSZ  and  ScSZ.  For 
Ni-doped  ScSZ,  the  lattice  parameter  of  the  zirconia  increased  by  the  Ni  dissolution,  and  the  crystal 
structure  of  the  zirconia  was  modified  after  reduction  treatment.  New  finer  Ni  particles  were  formed 
around  original  Ni  grains  accompanied  by  the  decrease  in  Ni  solubility  to  ScSZ  after  reduction  treatment. 
Carbon  deposition  was  initiated  near  the  boundary  between  Ni  particles  and  YSZ  (or  ScSZ)  substrate  in  dry 
methane  atmosphere.  Furthermore,  the  rod-shaped  carbon  was  observed  to  grow  from  the  new  finer  Ni 
particles  on  the  ScSZ  substrate.  On  the  other  hand,  a  large  amount  of  amorphous  carbon  was  promoted 
to  be  deposited  on  Ni-YSZ  cermet  at  a  high  temperature  of  1273  K.  The  amorphous  carbon,  however, 
was  oxidized  at  lower  temperatures  than  graphite.  The  carbon  deposition  and  oxidation  behavior  was 
strongly  affected  by  the  morphology  and  crystallinity  of  deposited  carbon. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  power  sources  with  high 
energy  conversion  efficiency.  Power  generation  by  direct  supply  of 
hydrocarbon  is  possible  for  SOFCs  through  the  internal  reforming 
for  hydrocarbon  fuel,  because  of  their  high  temperature  opera¬ 
tion  around  1073-  1273  K.  Flowever,  solid  carbon  can  be  easily 
deposited  on  the  anode  due  to  direct  supply  of  hydrocarbon  at 
high  temperatures,  and  it  causes  the  electrode  deterioration.  For 
methane  fuel,  no  carbon  is  deposited  under  internal  and/or  external 
steam  reforming  at  1073  - 1273  K  and  H2O/CFI4  >  1  in  the  thermo¬ 
dynamic  equilibrium  [1,2].  The  FI2O/CFI4  ratio  possibly  decreases, 
when  gas  flow  and  steamer  systems  is  broken  down.  Therefore,  fuel 
electrode  with  high  durability  against  carbon  deposition  is  desired 
to  be  developed.  For  instance,  Cu-based  and  Ru-doped  anodes  are 
reported  to  have  high  tolerance  to  carbon  deposition  [3-7].  Flow¬ 
ever,  the  Cu-based  anodes  have  less  activity  for  reforming,  and  the 
Ru-doped  anodes  are  more  expensive  than  conventional  Ni-based 
anodes. 

It  was  previously  reported  that  the  dopant  into  zirconia  affected 
the  electrode  performance  and  durability  in  the  Ni-based  anodes 
[8,9].  Ni-scandia  stabilized  zirconia  (ScSZ)  anode  was  less  suffered 
from  carbon  deposition  than  Ni-yttria  stabilized  zirconia  (YSZ) 
anode  under  power  generation  by  internal  reforming  of  methane 
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at  low  FI2O/CFI4  ratios  and  at  1273  K.  While  fibrous  and  rod-shaped 
graphite  was  observed  on  the  Ni-ScSZ  anode  after  power  genera¬ 
tion,  a  large  amount  of  amorphous  carbon  was  deposited  on  the 
Ni-YSZ  anode.  Several  studies  have  also  reported  that  the  ratio  of 
amorphous  carbon  and  crystalline  graphite  depended  on  the  oxide 
species  such  as  YSZ,  ScSZ,  Sm-doped  ceria  and  (La,Sr)(Ga,Mn)03  in 
SOFC  anodes  [10-12].  Furthermore,  the  carbon  deposition  behav¬ 
ior  depended  on  the  operating  temperature  [9,13,14].  The  rate  of 
carbon  deposition  for  the  Ni-YSZ  anode  was  faster  than  that  for 
the  Ni-ScSZ  anode  at  1273  K,  whereas  the  order  was  opposite  at 
1123  K.  Flowever,  the  reason  for  the  selectivity  of  oxide  species  and 
the  effect  of  operating  temperature  has  not  been  clarified  so  far. 

Cubic  zirconia  phase  is  generally  stabilized  by  doping  yttria 
and  scandia  for  SOFC  electrolytes  [15,16].  The  crystal  structure  of 
YSZ  and  ScSZ  was  previously  evaluated  by  X-ray  diffraction  and 
Raman  spectroscopy  [17-22].  The  ScSZ  phase  was  reported  to  be 
more  sensitive  to  the  treatment  condition  than  YSZ  phase.  Matsui 
et  al.  reported  that  the  ScSZ  phase  was  affected  by  the  heat  treat¬ 
ment  temperature  [20].  Kishimoto  et  al.  and  Puengjinda  et  al.  have 
reported  that  the  ScSZ  phase  was  changed  from  cubic  to  rhom- 
bohedral  during  reduction-oxidation  (redox)  treatment  [21,22] 
Moreover,  the  cubic  phase  of  the  zirconia  is  stabilized  by  dissolution 
of  a  small  amount  of  nickel  into  zirconia  [23-25].  The  difference  in 
the  stability  of  zirconia  phase  is  likely  to  affect  the  change  of  the 
carbon  deposition  behavior  for  Ni-based  SOFC  anodes. 

Catalytic  properties  of  SOFC  anode  materials  were  evaluated  by 
several  studies.  The  interaction  between  nickel  and  zirconia  was 
confirmed  to  become  strong  with  increasing  Ni  content  for  Ni- 
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YSZ  and  Ni-ScSZ  cermets  by  temperature  programmed  reduction 
(TPR)  technique  [26,27].  The  interaction  between  nickel  and  ScSZ 
was  stronger  than  that  between  YSZ,  which  is  likely  to  affect  the 
carbon  deposition  and  oxidation  behavior  [27].  The  carbon  oxida¬ 
tion  behavior  could  be  evaluated  by  the  temperature  programmed 
oxidation  (TPO)  technique  [28-30].  Carbon  deposited  after  expo¬ 
sure  in  hydrocarbon  was  combusted  at  several  temperature  regions 
on  Ni-YSZ  cermet.  This  suggests  the  existence  of  several  carbon 
species.  Pomfret  et  al.  [31,32]  conducted  in  situ  observation  of 
Raman  spectra  under  open  circuit  voltage  and  current  loading 
states  with  supplies  of  hydrocarbons  for  Ni-YSZ|YSZ|(La,Sr)Mn03 
cells  due  to  examine  the  crystalline  graphite  deposition  and  electro¬ 
chemical  oxidation  behaviors.  However,  amorphous  carbon  more 
affects  the  short-term  deterioration  than  graphite  for  SOFC  anodes 
[8,9].  Therefore,  it  is  important  to  investigate  the  deposition  and 
oxidation  behaviors  for  the  carbon  species  such  as  carbon  fiber, 
amorphous  carbon  and  graphite. 

In  this  study,  the  effect  of  redox  treatment  was  evaluated 
in  relation  with  the  crystal  structure  and  nickel  dissolution  for 
YSZ  and  ScSZ  with  X-ray  diffraction  and  Raman  spectroscopy  in 
consideration  of  cell  manufacturing  and  power  generation  condi¬ 
tions.  The  shape  changes  of  nickel  particles  and  deposited  carbon 
on  YSZ  and  ScSZ  disks  were  also  observed  after  redox  treat¬ 
ment  and  methane  exposure  with  field  emission-scanning  electron 
microscopy  (FE-SEM).  Furthermore,  the  carbon  species  deposited  at 
different  temperatures  in  methane  was  examined  for  Ni-YSZ  and 
Ni-ScSZ  cermets.  The  carbon  species  were  evaluated  by  electro¬ 
chemical  oxidation  during  power  generation  test  as  well  as  by  TPO 
technique. 


2.  Experimental 

2.1.  Evaluation  of  crystal  structure  for  YSZ  and  ScSZ 

In  this  study,  commercial  YSZ  ((Y203)o.o8-(Zr02)0.92;  Tosoh 
Corp.)  and  ScSZ  ((Sc203 )0.i  -(Ce02 )0.oi  -(Zr02 )0.89 );  Daiichi  Kigenso 
Kagaku  Kogyo  Co.,  Ltd.)  powders  were  used.  The  NiO  (Wako  Pure 
Chemical  Industries,  Ltd.)  and  YSZ  (or  ScSZ)  powders  were  mixed 
in  ethanol  for  24  h.  The  dried  x  mol%Ni-Y(Sc)SZ  powders  (x  =  0-5) 
were  calcined  at  1 673 1<  for  5  h  in  air.  The  crystal  structure  was  eval¬ 
uated  with  X-ray  diffraction  (Rigaku  Ultima  IV;  20  =  20-140°)  and 
Raman  spectroscopy  (Horibajobin  Yvon  LabRAM  HR-800;  441 .6  nm 
He-Cd  laser).  Then,  the  powers  were  calcined  at  1073K  for  2h 
in  10%H2-N2  mixture,  and  the  similar  series  of  experiments  were 
conducted. 


2.2.  Observation  of  nickel  particles  and  deposited  carbon 

The  YSZ  and  ScSZ  powders  were  uniaxially  shaped  into  disks, 
and  cold-isostatically  pressed  at  180  MPa.  The  disks  were  calcined 
at  1773K  for  10  h  in  air.  Nickel  thin-film  was  formed  by  radio 
frequency  sputtering  (Showa  Shinku  SPH-04H;  power  60  W  for 
30  min)  in  2.67  Pa  of  Ar  atmosphere  on  the  YSZ  (or  ScSZ)  surface 
which  was  buffed  with  diamond  compound  (0.25  |xm).  The  thick¬ 
ness  of  nickel  thin-film  was  ca.  50  nm.  After  Ni  sputtering,  the 
YSZ  and  ScSZ  disks  were  calcined  at  873  K  for  5h  in  10%H2-N2 
mixture  to  change  from  Ni  thin-film  to  particles.  The  morpholog¬ 
ical  change  of  nickel  particles  was  observed  with  FE-SEM  (Carl 
Zeiss  NVision40;  accelerating  voltage  1.5  kV)  after  calcinations  at 
873  K  for  5h  in  air  and  10%H2-N2  mixture  as  oxidation  and  re¬ 
reduction  treatment,  respectively.  Then,  the  YSZ  and  ScSZ  disks 
after  exposure  to  10%CH4-N2  mixture  at  1073  K  for  10  and  60  min 
were  observed  with  FE-SEM  to  investigate  the  carbon  deposition 
behavior. 


2.3.  Evaluation  of  carbon  deposition  and  oxidation  behaviors 

The  NiO  and  YSZ  (or  ScSZ)  powders  were  mixed  in  ethanol  for 
24  h.  The  volume  ratio  of  Ni  to  zirconia  was  50: 50  after  nickel  reduc¬ 
tion.  The  mixed  powders  were  calcined  at  1573K  for  5h  in  air. 
The  powders  were  pressed,  crushed,  and  sieved  to  a  particle  size 
of  0.85-1.7  mm.  The  carbon  species  were  evaluated  with  Raman 
spectroscopy  for  the  Ni-YSZ  and  Ni-ScSZ  cermets  after  exposure 
to  10%H2-N2  mixture  for  2  h  at  1073  and  1273  K,  and  10%CH4-N2 
mixture  for  1  h.  Then,  the  productions  of  CO  and  C02  were  mea¬ 
sured  with  mass  spectroscopy  (Anelva  M-200QA-M)  during  TPO 
from  room  temperature  to  1273  K  at  10  K/min  in  5%02-He  mixture. 
To  evaluate  the  electrochemical  oxidation  of  deposited  carbon,  the 
coin-shaped  SOFCs  were  manufactured.  The  electrolyte,  anode  and 
cathode  were  YSZ  (thickness  500  pun),  Ni-Y(Sc)SZ  (sintering  tem¬ 
perature  1573  K)  and  (La0.8Sr0.2)o.98Mn03+s  (AGC  Seimi  Chemical 
CO.,  Ltd.;  sintering  temperature  1423 1<),  respectively.  The  thickness 
and  diameter  of  the  electrodes  were  30  pum  and  6  mm,  respectively. 
The  Ni-Y(Sc)SZ  anodes  were  observed  with  Raman  spectroscopy 
after  exposure  to  10%CH4-N2  mixture  without  current  loading  at 
1273 1<  for  1  h,  and  then  with  current  loading  at  0.3  A/cm2  for  1  h  in 
the  same  atmosphere. 


3.  Results  and  discussion 

3. 1 .  Evaluation  of  crystal  structure  for  YSZ  and  ScSZ 

The  crystal  structure  of  x  mol%Ni-Y(Sc)SZ  powders  (x  =  0-5) 
were  evaluated  with  X-ray  diffraction  after  air  calcination  and 
reduction  treatments.  The  X-ray  diffraction  peaks  were  attributed 
to  cubic  zirconia  for  the  all  samples.  Peak  from  monoclinic,  tetrag¬ 
onal  and  rhombohedral  zirconia  was  not  observed.  Fig.  1  shows  the 
lattice  parameter  for  (a)  Ni-doped  YSZ  and  (b)  Ni-doped  ScSZ  as  a 
function  of  Ni  content  after  calcination  at  1 673  K  in  air  and  at  1 073  K 
in  H2/N2.  The  lattice  parameter  of  the  zirconia  decreased  by  dop¬ 
ing  of  nickel  for  both  of  YSZ  and  ScSZ.  Kuzjukevisc  and  Linderoth 
also  reported  the  decrease  in  lattice  parameter  by  nickel  doping 
to  YSZ  [23].  These  results  suggest  the  occurrence  of  solid  dissolu¬ 
tion  of  Ni2+  ion  with  its  radius  is  smaller  than  Zr4+  ion.  The  nickel 
solubility  is  1-2  mol%  for  YSZ  and  ScSZ,  because  the  lattice  param¬ 
eter  was  unchanged  above  2  mol%Ni.  The  lattice  parameter  of  the 
zirconia  was  unchanged  for  oxidized  and  reduced  YSZ  with  and 
without  nickel.  However,  the  lattice  parameter  for  oxidized  ScSZ 
without  nickel  was  larger  than  that  for  reduced  one.  The  rhom¬ 
bohedral  zirconia  was  reported  to  have  larger  lattice  parameter 
than  the  cubic  zirconia  [18].  Although  the  rhombohedral  zirconia 
was  not  detected  by  X-ray  diffraction,  the  small  amount  of  rhom¬ 
bohedral  phase  was  possibly  included  in  ScSZ.  On  the  other  hand, 
the  lattice  parameter  increased  after  reduction  treatment  for  the 
Ni-doped  ScSZ,  which  suggests  the  decrease  in  nickel  solubility. 

Previously,  the  crystal  structure  of  YSZ  and  ScSZ  was  also  eval¬ 
uated  with  Raman  spectroscopy  [17-19,21].  However,  the  effects 
of  nickel  doping  and  redox  treatment  were  not  investigated  pre¬ 
cisely  in  relation  with  the  crystal  structure  of  the  zirconia.  Fig.  2 
shows  the  Raman  spectra  for  (a)  Ni-doped  YSZ  and  (b)  Ni-doped 
ScSZ  after  calcination  at  1673  K  in  air  and  at  1073  K  in  H2/N2.  The 
peak  at  ca.  620  cm-1  appeared  for  the  all  conditions,  which  was 
attributed  to  cubic  zirconia.  On  the  other  hand,  the  appearance 
of  the  peak  at  ca.  480  cm-1  suggests  the  existence  of  the  other 
phase  than  the  cubic  zirconia.  The  peak  at  ca.  480  cm-1  for  YSZ  was 
smaller  than  that  for  ScSZ,  which  supported  the  amount  of  mono¬ 
clinic,  tetragonal  and  rhombohedral  zirconia  was  little  for  YSZ.  The 
spectra  for  YSZ  were  unchanged  by  nickel  doping  and  redox  treat¬ 
ment  since  no  phase  transition  proceeded  with  these  treatments. 
The  intensity  of  this  peak  weakened  by  nickel  doping  to  ScSZ.  Fur- 
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Fig.  1.  Lattice  parameters  for  (a)  Ni-doped  YSZ  and  (b)  ScSZ  after  calcination  at 
1673  K  in  air  and  at  1073  K  in  H2/N2. 
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thermore,  the  peak  almost  disappeared  by  reduction  treatment  for 
the  1  mol%Ni-doped  ScSZ.  The  intensity  of  this  peak  was  almost 
unchanged  between  1  mol%  and  3  mol%Ni-doped  ScSZ.  The  crystal 
structure  of  ScSZ  was  slightly  changed  by  nickel  doping  and  redox 
treatment.  It  is  concluded  that  the  ScSZ  phase  is  more  sensitive  to 
the  nickel  dissolution  and  redox  treatment  than  YSZ  phase. 

3.2.  Observation  of  nickel  particles  and  deposited  carbon 

The  YSZ  and  ScSZ  disks  with  nickel  sputtering  were  observed 
with  FE-SEM  after  redox  treatment.  Fig.  3  shows  the  secondary 
electron  images  for  nickel  particles  on  (a)  YSZ  and  (b)  ScSZ  disks 
after  (i)  reduction,  (ii)  oxidation  and  (iii)  re-reduction  treatments. 
After  first  reduction  treatment,  nickel  was  changed  from  thin-film 
to  particles,  and  l-2mol%Ni  was  dissolved  into  YSZ  and  ScSZ  as 
well  as  the  result  of  Fig.  1.  The  surface  of  nickel  particles  was 
smooth  after  reduction  treatment.  Flowever,  the  surface  became 
rough  after  oxidation  treatment  due  to  conversion  to  nickel  oxide. 
The  similar  “sponge-liked”  nickel  oxide  was  reported  by  several 
studies  [33-36].  While  the  nickel  particles  returned  to  original 
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Fig.  2.  Raman  spectra  for  (a)  Ni-doped  YSZ  and  (b)  ScSZ  after  calcination  at  1673  K 
in  air  and  at  1073  K  in  H2/N2. 


shape  on  the  YSZ  disk  after  re-reduction  treatment,  finer  parti¬ 
cles  were  newly  deposited  around  the  original  nickel  grains  for  the 
ScSZ  disk  as  represented  by  arrows  in  Fig.  3  (b-iii).  This  result  also 
supports  that  the  nickel  solubility  to  ScSZ  decreased  by  reduction 
treatment.  Linderoth  et  al.  reported  that  the  decrease  in  nickel  sol¬ 
ubility  was  caused  by  the  phase  transition  from  cubic  to  tetragonal 
for  1.5  mol%Ni-YSZ  after  reduction  treatment  at  1273  K  for  150h 
in  2%FI20-9%Fl2-N2  mixture  [24].  In  this  study,  the  reduction  tem¬ 
perature  and  time  were  lower  (873 1<)  and  shorter  (2  h)  than  their 
reports.  Therefore,  the  lattice  parameter  and  crystal  phase  were 
unchanged  for  Ni-doped  YSZ  as  shown  in  Figs.  1(a)  and  2(a).  On  the 
other  hand,  the  crystal  structure  of  the  zirconia  slightly  changed  by 
redox  treatment  for  the  Ni-doped  ScSZ  as  shown  in  Fig.  2(b),  which 
led  to  the  change  in  nickel  solubility. 
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Fig.  3.  Secondary  electron  images  for  nickel  particles  on  (a)  YSZ  and  (b)  ScSZ  disks  after  (i)  reduction,  (ii)  oxidation  and  (iii)  re-reduction  treatments.  The  arrows  were  ascribed 
to  fine  nickel  particles  which  were  newly  deposited  after  re-reduction  treatment. 


Table  1 

Peak  intensity  ratio  of  D-band/G-band  (/d//g)  for  Ni-YSZ  and  Ni-ScSZ  cermets  after 
exposure  to  10%CH4  -  N2  for  1  h  at  1073  K  and  1273  K. 


Material 

Exposure  temperature 

1d/1g 

Ni-YSZ 

1073  K 

0.137 

1273  K 

0.208 

Ni-ScSZ 

1073  K 

0.094 

1273  K 

0.077 

Carbon  deposition  behavior  was  observed  using  the  YSZ  and 
ScSZ  disks  after  re-reduction  treatment.  Fig.  4  shows  the  secondary 
and  backscattered  electron  images  for  nickel  particles  on  (a)  YSZ 
and  (b)  ScSZ  disks  after  exposure  to  CH4/N2  mixture  for  (i)  10  and 
(ii)  60  min.  The  black  areas  in  the  backscattered  electron  images 
were  ascribed  to  deposited  carbon  by  an  energy-dispersive  X-ray 
spectrometer.  Carbon  was  observed  around  nickel  particles  after 
10  min  for  both  on  the  YSZ  and  ScSZ  disks.  The  similar  behavior 
was  also  observed  for  an  embedded  nickel  mesh  on  YSZ  by  Yashiro 
et  al.  [37].  This  is  caused  by  the  strong  interaction  between  nickel 
and  zirconia  observed  by  the  TPR  technique  [26,27].  The  polar¬ 
ization  resistance  increased  rapidly  when  the  fuel  changed  from 
5%H20-H2  to  5%H2O-10%CH4-N2  mixtures  [9].  This  phenomenon 
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(i)  10  min  (ii)  60  min 
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Table  2 

Peak  area  ratio  of  separated  TPO  profiles  for  Ni-YSZ  and  Ni-ScSZ  cermets  after  expo¬ 
sure  to  10%CH4  -  N2  for  1  h  at  1073  K  and  1273 1<. 


Exposure  temperature 

Ni-YSZ 

Ni-ScSZ 

1073  K 

1273  K 

1073  K 

1273  K 

Ca 

0.011 

0.007 

0.056 

0.019 

CP 

0.300 

0.499 +  aa 

0.344 

0.539 

c7 

0.233 

0.392 

0.239 

0.442 

Total 

0.544 

0.897 +  aa 

0.629 

1.000b 

a  A  large  amount  of  CO  was  produced. 

b  The  values  are  normalized  as  the  total  area  is  unity  for  the  Ni-ScSZ  cermet 
exposed  at  1273  K. 


was  caused  by  the  decrease  in  active  triple  phase  boundaries  due  to 
carbon  deposition.  After  exposure  to  CH4/N2  for  60  min,  the  whole 
surface  of  nickel  particles  was  covered  with  carbon  on  the  YSZ  and 
ScSZ  disks.  Furthermore,  rod-shaped  carbon  was  also  observed  only 
on  the  ScSZ  disk  as  represented  by  circles  in  Fig.  4  (b-ii).  The  similar 
carbon  was  also  observed  for  Ni-ScSZ  anode  after  power  generation 
at  1273  K  in  H20/CH4  =  0.5  [9].  The  rod-shaped  carbon  seemed  to 
grow  from  the  fine  nickel  particles  deposited  around  the  original 
nickel  grains  as  shown  in  Fig.  3  (b-iii).  It  is  concluded  that  the  shape 
of  deposited  carbon  is  strongly  affected  by  the  change  of  nickel 


(b)  ScSZ 

(i)  10  min  (ii)  60  min 
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Fig.  4.  Secondary  electron  (upper)  and  backscattered  electron  (lower)  images  for  nickel  particles  on  (a)  YSZ  and  (b)  ScSZ  disks  after  exposure  to  CH4/N2  mixture  for  (i)  10 
and  (ii)  60  min.  The  black  areas  in  the  backscattered  electron  images  were  ascribed  to  deposited  carbon. 
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Raman  Shift,  vl  cm"1 

Fig.  5.  Raman  spectra  of  Ni-YSZ  and  Ni-ScSZ  cermets  after  exposure  to  10%CH4-N2 
for  1  hat  1073  K  and  1273  K. 

solubility  to  zirconia.  In  this  experiment,  the  evaluation  of  the  crys¬ 
tallinity  of  deposited  carbon  is  difficult,  because  the  amount  of  the 
deposited  carbon  was  too  small.  The  Ni-YSZ  and  Ni-ScSZ  cermets 
were  used  to  evaluate  the  relation  between  the  carbon  species  and 
the  deposition  and  oxidation  behavior  precisely. 

3.3.  Evaluation  of  carbon  deposition  and  oxidation  behavior 

It  was  previously  reported  that  the  rate  of  carbon  deposition 
for  Ni-YSZ  was  larger  than  that  for  Ni-ScSZ  at  1273  K,  whereas  the 
order  was  opposite  at  1123  K  [9].  This  result  was  possibly  caused 
by  the  difference  in  carbon  species.  Fig.  5  shows  the  Raman  spectra 
of  Ni-YSZ  and  Ni-ScSZ  cermets  after  exposure  to  10%CH4-N2  for 


Fig.  6.  C02  production  under  temperature  programmed  oxidation  (TPO)  in  5%02-He 
at  a  heating  rate  of  10  K/min  for  Ni-YSZ  (solid  line)  and  Ni-ScSZ  (dotted  line)  cermets 
after  exposure  to  10%CH4-N2  for  1  h  at  1073  K  and  1273  K.  Dot-dashed  lines  are 
separated  into  three  curves  for  the  Ni-ScSZ  cermet  exposed  at  1273  K. 

1  h  at  1073  K  and  1273  K.  Two  peaks  were  observed  at  1350  cm-1 
(D-band)  and  1580  cm-1  (G-band),  which  were  attributable  to 
amorphous  carbon  and  crystalline  graphite,  respectively.  The  spec¬ 
tra  in  Fig.  5  are  normalized,  so  that  the  peak  intensity  of  G-band  is 
the  same.  The  peak  intensity  ratios  of  D-band/G-band  (JD/JG)  are 
summarized  in  Table  1.  The  /D//G  ratio  for  the  Ni-YSZ  was  larger 
than  that  for  the  Ni-ScSZ.  Furthermore,  the  /D//G  ratio  at  1 273  K  was 
larger  than  that  at  1 073 1<  for  the  Ni-YSZ  cermet.  Amorphous  carbon 
was  easily  deposited  at  higher  temperatures  for  the  Ni-YSZ  cermet 
by  exposure  to  methane.  The  amorphous  carbon  was  reported  to 


(a)  before  discharge  (b)  after  discharge 


Fig.  7.  Backscattered  electron  images  of  cross-section  for  Ni-YSZ  anodes  (a)  before  and  (b)  after  discharge  at  0.3  A/cm2  for  1  h  in  5%H20  -10%CH4-N2  at  1273 1<. 
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lead  to  the  rapid  anode  deterioration  [8,9].  The  result  in  Fig.  5  sup¬ 
ported  that  the  durability  of  the  Ni-YSZ  anode  was  lower  than  that 
of  Ni-ScSZ  anode  at  low  H20/CH4  ratios  and  at  1273  K.  On  the  other 
hand,  the  ID  //G  ratio  was  small  for  the  both  of  the  Ni-YSZ  and  Ni-ScSZ 
cermets  exposed  at  1073  K,  which  suggests  that  the  graphite  was 
more  easily  deposited  than  the  amorphous  carbon  at  lower  temper¬ 
atures.  The  rate  of  carbon  deposition  for  the  Ni-ScSZ  anode  is  faster 
than  that  for  the  Ni-YSZ  anode  at  low  temperatures  as  reported 
in  the  previous  paper  because  of  the  high  catalytic  activity  against 
methane  cracking  and  graphite  formation  for  the  Ni-ScSZ  anode. 
Especially,  the  rod-shaped  graphite  seemed  to  be  formed  from  new 
fine  nickel  particles  which  were  deposited  by  the  decrease  in  Ni 
solubility  to  ScSZ  as  shown  in  Fig.  4  (b-ii). 

Fig.  6  shows  the  C02  production  under  temperature  pro¬ 
grammed  oxidation  (TPO)  in  5%02-FIe  at  a  heating  rate  of  lOK/min 
for  Ni-YSZ  and  Ni-ScSZ  cermets  after  exposure  to  10%CH4  -  N2  for 
1  h  at  1 073 1<  and  1273  K.  The  peaks  were  asymmetric  with  a  shoul¬ 
der  at  ca.  900 1<  in  the  TPO  profiles.  It  has  been  known  that  carbon 
fiber  (Ca),  amorphous  carbon  (Cp)  and  crystalline  graphite  (C7)  are 
subsequently  oxidized  in  turn  from  lower  temperature  for  Ni-based 
catalysts  [38].  Dot-dashed  lines  are  separated  into  three  curves  for 
the  Ni-ScSZ  cermet  exposed  at  1273  K.  Table  2  shows  the  peak  area 
ratio  of  separated  TPO  profiles.  The  values  of  Table  2  are  normalized, 
as  the  total  area  is  unity  for  the  Ni-ScSZ  cermet  exposed  at  1273  K. 
The  area  of  the  peak  at  the  lowest  temperature  was  large  for  the 
Ni-ScSZ  cermet  exposed  at  1073  K,  for  which  the  large  amount  of 
fibrous  and  rod-shaped  carbon  was  observed  with  FE-SEM.  There¬ 
fore,  the  carbon  fiber  was  combusted  more  easily  than  the  other 
carbon  species.  The  peak  at  the  middle  temperature  was  strong  for 
the  Ni-YSZ  and  Ni-ScSZ  cermets  exposed  at  a  high  temperature  of 
1273  K.  Furthermore,  a  large  amount  of  carbon  monoxide  was  con¬ 
firmed  to  be  produced  only  for  the  Ni-YSZ  cermet  exposed  at  1 273 1< 
by  mass  spectroscopy,  because  a  part  of  deposited  carbon  was  com¬ 
busted  incompletely.  The  total  production  of  CO  and  C02  was  large 
for  the  Ni-YSZ  cermet  exposed  at  1273  K,  which  corresponds  to  the 
oxidation  of  amorphous  carbon.  The  peak  at  the  highest  temper¬ 
ature  was  caused  by  the  combustion  of  crystalline  graphite.  This 
order  of  carbon  oxidation  is  the  same  as  the  other  Ni-based  cata¬ 
lysts  [38].  Although  the  graphite  can  be  formed  at  low  temperature 
as  shown  in  Fig.  5,  the  graphite  is  oxidized  difficultly  as  a  result  of 
TPO.  Therefore,  the  graphite  has  a  tendency  to  accumulate  under 
internal  reforming  for  SOFCs.  On  the  other  hand,  the  amorphous 
carbon  is  expected  to  be  removed  by  the  electrochemical  oxida¬ 
tion,  because  this  carbon  can  be  combusted  at  lower  temperature 
than  the  graphite. 

The  carbon  oxidation  behavior  was  evaluated  under  current 
loading  with  internal  reforming  of  methane  for  coin-shaped  SOFCs. 
Fig.  7  shows  the  backscattered  electron  images  of  cross-section 
for  Ni-YSZ  anode  before  and  after  discharge  at  0.3  A/cm2  for  1  h 
in  5%FI2O-10%CIT4-N2  at  1273  K.  The  black  areas  were  ascribed 
to  the  deposited  carbon.  A  large  amount  of  deposited  carbon 
was  observed  from  the  anode  surface  to  the  anode/electrolyte 
interface  for  Ni-YSZ  anode  before  discharge,  which  was  exposed 
to  10%CFI4-N2  mixture  for  1  h  at  1273  K.  After  discharge,  the 
amount  of  deposited  carbon  decreased.  Especially,  the  electro¬ 
chemical  oxidation  of  deposited  carbon  was  promoted  near  the 
anode/electrolyte  interface.  Fig.  8  shows  the  Raman  spectra  for  (a) 
Ni-YSZ  and  (b)  Ni-ScSZ  anodes  at  the  vicinity  of  surface,  center 
and  interface  as  shown  in  Fig.  7.  The  spectra  in  Fig.  8  are  nor¬ 
malized,  so  that  the  peak  intensity  of  G-band  is  the  same.  Before 
discharge,  a  larger  amount  of  amorphous  carbon  was  deposited  on 
the  Ni-YSZ  anode  than  on  the  Ni-ScSZ  anode,  which  agreed  with 
the  result  in  Fig.  5.  The  ID/IG  ratios  were  almost  the  same  from  the 
anode  surface  to  the  anode/electrolyte  interface  before  discharge. 
The  D-band  was  weakened  after  discharge  for  either  anode.  Espe¬ 
cially,  the  relative  intensity  of  D-band  near  the  anode/electrolyte 


Raman  Shift,  vl  cm"1 


Raman  Shift,  vl  cm"1 

Fig.  8.  Raman  spectra  for  (a)  Ni-YSZ  and  (b)  Ni-ScSZ  anodes  before  and  after  dis¬ 
charge  at  0.3  A/cm2  for  1  h  in  5%H20-10%CH4-N2  at  1273  K. 


interface  was  smaller  than  that  near  surface.  This  means  that  the 
amorphous  carbon  was  oxidized  preferentially  by  oxide  ions  sup¬ 
plied  from  electrolyte.  Water  gas  reaction  (C  +  FI20  ->  FI2  +CO)  is 
also  expected  to  occur  by  steam  production  under  discharge.  The 
deposition  of  amorphous  carbon  caused  a  short-term  deterioration 
of  anode  performance.  Flowever,  the  result  of  Fig.  8  suggests  that 
the  anode  performance  can  be  recovered  partially  by  the  electro¬ 
chemical  oxidation  of  amorphous  carbon  under  a  current  loading. 
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4.  Conclusion 

In  this  study,  the  effect  of  crystal  structure  of  YSZ  and  ScSZ 
in  nickel-based  SOFC  anodes  was  investigated  precisely  in  rela¬ 
tion  with  carbon  deposition  and  oxidation  behavior  in  methane 
fuel.  The  lattice  parameter  of  the  zirconia  decreased  by  the  disso¬ 
lution  of  l-2mol%Ni  to  YSZ  and  ScSZ.  The  lattice  parameter  and 
crystal  structure  of  Ni-doped  YSZ  were  unchanged  during  redox 
treatment.  On  the  other  hand,  the  lattice  parameter  of  the  zirco¬ 
nia  increased  after  reduction  treatment  for  Ni-doped  ScSZ,  which 
suggests  the  decrease  in  nickel  solubility  by  a  partial  change  of  crys¬ 
tal  structure.  Carbon  deposition  was  initiated  near  the  boundary 
between  Ni  particles  and  YSZ  (or  ScSZ)  substrate  after  exposure  to 
methane.  Furthermore,  rod-shaped  carbon  was  observed  to  grow 
from  the  new  finer  nickel  particles  which  were  deposited  around 
the  original  nickel  grains  by  reduction  treatment  only  on  the  ScSZ 
disk.  The  morphology  and  crystallinity  of  the  deposited  carbon  is 
strongly  affected  by  the  size  of  the  Ni  particles  which  are  formed  by 
the  change  of  nickel  solubility  to  zirconia.  Amorphous  carbon  was 
easily  deposited  at  high  temperatures  for  Ni-YSZ  cermet,  which 
caused  the  rapid  deterioration  of  anode  performance.  However, 
the  amorphous  carbon  was  combusted  at  lower  temperature  than 
the  crystalline  graphite  during  temperature  programmed  oxida¬ 
tion.  It  was  also  confirmed  that  the  electrochemical  oxidation  of 
the  amorphous  carbon  was  preferential  during  current  loading  for 
coin-shaped  SOFCs. 
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